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ABSTRACT

An experimental apparatus is fabricated to measure the flow boiling heat transfer coefficients
(HTC) of cryogenic mixed refrigerants (MR). The experimental system has a test section which
includes a copper tube and a thin-wire heater to impose a heat flux on the experimental MR stream.
The flow boiling heat transfer characteristics (HTC) are investigated for three cases of non-flammable
cryogenic MR sets. R218 (Octafluoropropane, C,F,) and R14 (Tetrafluoromethane, CF,) are used
to constitute the experimental MRs. Three different molar compositions are selected to obtain the
experimental HTC of the non-flammable mixtures (i.e. R218:R14=0.7:0.3/0.5:0.5/0.3:0.7). The
mass flux conditions are varied as 88, 198 and 330 kg/m?s during the experiment. The heat flux
conditions are selected as 2800 and 9900 W/m?. Experimental measurements are conducted for the
whole MR sets at the pre-determined physical conditions. The obtained heat transfer characteristic
results have 19.1% of mean uncertainty. Also, we compare three correlation sets to identify the best
correlation which estimates the experimental results with the good accuracy. The most accurate
correlation is Kandlikar’s correlation with Fujita and Tsutsui’s mixture correction factor. It predicts
the experimental data within 28.2% in mean deviation.

INTRODUCTION

Recently, many efforts have been made to utilize non-flammable mixed refrigerant (MR) rather
than hydrocarbon as the working fluid of an MR Joule-Thomson (JT) refrigerator because of the
safety issues [1-3]. R218 (Octafluoropropane, C,F,) and R14 (Tetrafluoromethane, CF,) have fairly
good thermodynamic properties to be utilized as the working fluids for refrigerators from 300 K
to 145 K. For this reason, R218 and R14 can be good non-flammable substitutes for propane and
methane. When a MR JT refrigerator is constructed, the heat exchanger is considered as an im-
portant component which affects the size and the cost of the refrigerator. A efficient and compact
heat exchanger is required to implement an excellent MR JT refrigerator. The precise estimation
the heat transfer area needed is important to design of a compact heat exchanger. Since the heat
exchange process in the MR JT refrigerator occurs in the form of evaporation through boiling and
condensation, the flow boiling heat transfer characteristics (HTC) of the working fluid are key factors
for determining the precise heat transfer area. Since little research has been conducted on the HTC
of non-flammable MR, it is hard to determine the exact heat transfer area of the heat exchanger for
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non-flammable MR [4]. Understanding the flow boiling HTC for a specific non-flammable MR,
is necessary before it is used as the working fluid of the MR JT refrigerator. Since it is difficult to
identify all of the necessary flow boiling HTC by experiments, a correlation for estimating the flow
boiling HTC is suggested with the acquired HTC information for the non-flammable MR.

In this paper, we examine the ensuring trustworthiness of the experimental apparatus as well
as the experimental device for measuring the flow boiling HTC of a R218 and R14 mixture. The
experimentally obtained HTC results are presented with their measuring uncertainties. With the
experimental data, three correlations are compared to examine which correlation can describe the
experimental data with minimum error. Two of the three correlations have already been suggested
by previous researchers, Thome and Barraza [4, 5]. Another new one is proposed by us.

EXPERIMENTAL APPARATUS
Overall system

The schematic diagram of the overall experimental system is shown in Figure 1. In the experi-
mental system, a refrigerant circulation system is required to create the flow of the working fluid.
A compressor functions with the predetermined experimental pressure and mass flow conditions
as the main component of the circulation system. The compressed working fluid, which reaches
approximately 373 K, is chilled by water at the after-cooler. A throttling valve and a mass flow
meter are installed next to the after-cooler. The throttling valve and the mass flow meter are used
to adjust and record the mass flow rate of the working fluid, respectively. After passing through
the mass flow meter, the stream is fed into a cold box.

The cold box is maintained at high vacuum condition (below 1.3x10? Pa) to avoid heat pen-
etration from the environment. In the cold box, the working fluid is cooled down completely to
the bubble point by a Stirling refrigerator (CryoTel-GT, Sunpower). The trim heater (customized-
KHLYV, Omega) is located at the exit stream of the refrigerator heat exchanger. It supplies heat to the
liquid state refrigerant stream to precisely control the experimental temperature conditions. Then,
the stream which has been finally characterized as the specific experimental temperature, pressure
and mass flux condition enters the test section.

Test section

The test section is illustrated in Figure 2. The test section contains a horizontal copper tube
which is 1.7 mm in the inner diameter, 3.2 mm in the outer diameter and 100 mm in length. The
thin manganin wire heater (MW-32, Lakeshore) wraps the copper tube to induce heat exchange
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Figure 1. Schematic diagram of the overall experimental system
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Figure 2. Schematic diagram of the test section

process between the heated wall of the test section and the MR stream through the test section.
Epoxy (Stycast 2850 FT) is used to improve the thermal contact between the heater and the cop-
per tube. The test section is instrumented by several temperature and pressure sensors. There are
four temperature sensors (SD-670, Lakeshore) and two pressure sensors (FP2000, Honeywell) in
the test section. The temperature sensors are attached on the inlet (7;, ), the outlet (7, ) and the
outer-wall of the test section (7}, , T, ), respectively. The pressure sensors are installed on the
inlet (P, ) and the outlet (P, ) of the test section. The flow boiling HTC for the experimental MR
sets are to be obtained by logarithmic mean temperature difference (LMTD) method with the col-
lected temperature and pressure data. Equations for LMTD method are as follows [6]. All of the
necessary thermodynamic properties of mixture for obtaining experimental HTC are calculated by
REFPROP 9.1 [7].

AY:ral[,in = Y:t'all - T;n (1)
AT:mall,out = T;va[[ - ]:mt (2)
AT . - AT
A TL i — wall,in wall,out
AT,
ln( wallin ) (3)
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A, =mDL “
qu
hy,=—" 5
v " AT, (O]

where T, T and T, indicate the inlet, outlet and the wall temperature of the test section,
respectively.  Also, 4 is the heat transfer area between the heated test section surface and the
working fluid stream. D, is the inner-diameter of the test section and L is the length of the test
section. In Equation (5), &, represents the experimentally obtained flow boiling HTC value. ¢”
is the imposed heat flux to the test section.

Calibration of the experimental apparatus

The measurement accuracy of the experimental apparatus should be confirmed to measure the
unknown HTC of refrigerants such as a mixture of R218 and R14. In this paper, the experimental
apparatus is calibrated with a gas phase nitrogen which has well-known HTC estimation results
from the Dittus-Boelter’s correlation. It is described by Equation 6 [6].

Nuy, = 0.023Re}* Pr’* ©)

where Nu,, Re, and Pr are the Nusselt number, the Reynolds number and the Prandtl number,
respectively.
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The main issue for the calibration process is to determine the actual heat transfer area between
the hot inner wall of the test section and the fluid in the test section. Due to the axial conduction
heat transfer on the test section surface, the equivalent heat transfer length is extended during the
heat exchange process. As shown in Figure 3, the actual heat transfer area should be larger than the
measured area. It directly affects the experimentally obtained HTC values from Equation 5. For
this reason, the actual heat transfer area should be considered to get the accurate flow boiling HTC
with LMTD. In this process, the ‘equivalent length’ concept is applied to reflect the effect of the
extended area. The equivalent length is the increased length of the test section, which can explain
the effect of the extended heat transfer area. Figure 3 illustrates the 'equivalent length concept by
a schematic diagram.

In the calibration process, the estimated HTC results with the Dittus-Boelter’s correlation are
considered as the true values of the nitrogen gas’ HTC. First, the experimentally obtained HTC of
the nitrogen gas is compared with the theoretically expected HTC results. For the next step, the
equivalent length is deduced by minimizing the errors between the experimental and the theoretical
results. Figure 4 (a) shows the experimental results with the apparent length of100 mm. They have
+5~+20% errors compared to the calculation results. Figure 4 (b) represents the comparison results
with 110 mm in the equivalent length. In this case, the errors are minimized as -3~+10%. As a
result, we decide 110 mm as the true equivalent length for subsequent experiments.

EXPERIMENTAL RESULTS

The whole set of experimental conditions is summarized in Table 1. There are three mass flux
conditions, 88, 198 and 330 kg/m?s. The heat flux conditions are varied from 2800 to 9900 W/m?.
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Figure 3. Picture for the equivalent length concept
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Figure 4. Comparison results between the experimental and estimated HTC results for gas phase
nitrogen with (a) 100 mm in the equivalent length and (b) 110 mm in the equivalent length.
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Table 1 Experimental conditions for measuring R218 and R14 mixtures

Case conl:/[ (())lsiiion Pressure Heat flux Mass flux

p(-) (kPa) (W/m?) (kg/m?s)
! 2800 750
Z 2800 108
3 R218:R14 2800 330
4 =0.7:0.3 9900 88.0
2 9900 198
6 9900 330
: W
9 R218:R14 450 + 150 2800 330
11 9900 198
L2 9900 330
4 |
15 R218:R14 S0 i
le ~0.3:0.7 9900 i
18 9900 330

The experiments are conducted for three mixtures of MR molar compositions (i.e. R218:R14=0.7:0.3
/0.5:0.5/0.3:0.7). Atotal of 200 data points are experimentally obtained. The whole data sets are
plotted in Figure 5. There are measurement uncertainties caused by the resolution of the temperature
sensors and the measurement of the actual heat transfer area. The uncertainty of each HTC data set
is analyzed by a general method [8, 9]. The uncertainties are marked in each graph by a y-axis error
bar. The mean uncertainty of the experimental HTC results is 19.1%. In these experiments, the
uncertainties of quality are not denoted in Figure 5 because the quality differences between the inlet
and the outlet of the test section are less than 5% for the whole experimental conditions.

According to the experimental results, the flow boiling HTC of the mixtures which are composed
of R218 and R14 are distributed in the range of 500 to 5000 W/m?K. The peak HTC values exist
at a quality between 0.7 and 0.9. After the maximum point, the HTC drastically decreases because
of the dry-out of the residual liquid. The results generally show high flow boiling HTC values at
high mass and heat flux conditions.

CORRELATION SELECTION FOR EXPERIMENTAL MR

The HTC correlation which well represents the experimental results should be formulated by
using flow boiling HTC of the experimental mixture for the non-experimental conditions. There
are two suggested correlations by previous researchers [4, 5]. They estimate the MR flow boiling
HTC with high accuracy in the reference papers. Also, we find a fairly good correlation for our
experimental results. In this paper, three different correlations are compared to find the most ap-
propriate correlation for our experimental results. The mean deviation is used as the criterion for
correlation accuracy. It means the absolute difference between the estimated and the measured
HTC values as written in Equation 7. In Equation 7, N indicates the number of experimental data.

Mean deviation = %Zi:ﬂ[hﬂm -h,_1/h, [x100 0

exp exp

Correlations review

There are two types of correlations to be useful for mixture’s flow boiling HTC. The first type
is originally developed for single-component fluid with a mixture correction factor as defined by
Kandlikar [5]. The second type of the correlation is only for mixtures as defined by Little [4].

The first type correlation generally consists of addition of two terms which are convective and
nucleate boiling HTC terms [5]. In order to apply the single-component correlation to the mixture,
all of the required thermodynamic properties should be substituted for those of the mixtures. In
addition, the mixture correction factor needs to be multiplied by the nucleate boiling term because
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Figure 5. Experimental results for (a) (R218:R14=0.7:0.3) mixture, (b) (R218:R14=0.5:0.5) mixture
and (c) (R218:R14=0.3:0.7) mixture

the mass diffusion effect in mixtures degrades the HTC of the mixtures [10-15]. Thome suggests
Gungor and Winterton’s correlation with Thome’s mixture correction factor for three mixture,
R402A (R125:R290:R22 = 0.51:0.04:0.45, by mole fraction), R404A (R125: R143A:R134A =
0.36:0.60:0.04, by mole fraction) and R502 (R22:R115 = 0.63:0.37, by mole fraction). Accord-
ing to the reference paper, the suggested correlation has 27.8% in the mean deviation [5, 16]. The
detailed correlation and the mixture correction factor are expressed as follows;

1
htp:EhﬁShnhX@ ®)
47T, -Bq" (€))
- 1-
’ AT, [ exp(ﬁ//)/i/g )

where 2 means the HTC and ¢ indicates the mixture correction factor. The subscript #p, L and nb
represent two-phase, liquid phase and nucleate boiling state, respectively.
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In this paper, another first type correlation is also examined to find an accurate correlation for
the experimental data. Kandlikar’s correlation with Fujita and Tsutsui’s mixture correction factor
is adopted for this purpose. This combination of the correlation and the mixture correction factor
is newly suggested in this paper. The correlation with the suggested mixture correction factor is
shown in Equation 10 and Equation 11. In Equation 10, the first term at the right side signifies the
convective heat transfer term and the the second term represents the nucleate boiling heat transfer
term. There is an fluid dependent parameter, F,, in Kandlikar’s correlation. The parameter accounts
for the characteristic of the fluid. It can be determined by experimental data. Table 2 shows the
fluid dependent parameters of some refrigerants [17]. As shown in Table 2, the parameters for the
low boiling point fluids such as nitrogen and neon are higher than those of high boiling point fluids.
The normal boiling point of R218 and R14 are 236 K and 145 K, which are relatively high boiling
points compared to nitrogen and neon. The average of /', values for the high boiling point fluid (i.e.
Fﬁ values of water, R11, R12, R13B1, R22, R113, R114 and R152a) in Table 2, therefore, is used as
the fluid dependent parameter of the experimental mixture. For this reason, the average value 1.4 is
firstly considered as the fluid dependent parameter for the experimental mixtures of R14 and R218.

1
h, = C,Co% h, +C3Boc4Fﬂ h, xg (10)
4T, -60g" p.? 1/4
¢ =—L[1-expi——(———)"}] an
AT, Pily zg(p, - p,)

where Co is convection number and Bo is boiling number. F, means fluid dependent parameter
which reflects the effect of each fluid.

As the second type of the correlation, in this paper, the correlation which is developed by Bar-
raza etal., is selected. Barraza et al., modified Little’s correlation to improve its accuracy for newly
tested seven kinds of mixtures [18]. Their experimental mixtures include both hydrocarbon and
non-flammable. The mean deviation of the suggested correlation is 18% [4]. The modified Little’s
correlation appeared as Equations 12 through 15.

1 1 x’Cp? 1
P 5\ h (12)
» 1 film ((l—x)Cp, +xva)(7j '
aT ),
0.8
Re k
By =0.023 - j Pt — (13)
L [1+J5 " p(1-Va)
Re, )" k
h, = 0.023[ 2 j Prt —
! Ja IDNa (14)
Table 2 Examples of the fluid dependent parameters for various fluids
Fluid Normal boiling point Fluid dependent parameter(F,)
©) &) )
Water (H,0) 373 1.00
R11 (CCLF) 297 1.30
R12 (CCLF) 243 1.50
R13B1 (CBrF)) 215 1.31
R22 (CHCIF) 232 2.20
R113 (CCLFCCIF) 321 1.30
R114 (CCIF,CCIF ) 277 1.24
R152a (CHF,CH,) 249 1.10
Nitrogen (N,) 77.6 4.70
Neon (Ne) 27.1 3.50
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Figure 6. Comparison results of (a) Gungor and Winterton’s correlation with Thome’s mixture cor-
rection factor (b) modified Little’s correlation (c) Kandlikar’s correlation with Fujita and Tsutsui’s mixture

(15)

a=|1+

Comparison results for three correlations

All the thermodynamic properties to calculate the correlations are obtained from REFPROP
9.1[7]. The correlations are tested in the quality range from 0.1 to 0.9 of the experimental data.
Theoretical HTC values (h, ) are calculated by each correlation and are compared with the experi-
mentally obtained HTC (hexp) in Figure 6. As shown in Figure 6(c), Kandlikar’s correlation with
Fujita and Tsutsui’s mixture correction factor has the best accuracy of 28.2% in mean deviation.
The mean deviation of Gungor and Winterton’s correlation with Thome’s mixture correction factor
is 29.0% and that of the modified Little’s correlation is 34.1%.

The fluid dependent parameter is considered as a correction factor which represents the effect
of each single-component fluid. The mixtures of the same components but with different molar
compositions can be treated as different fluids. The fluid dependent parameters, therefore, should
be varied to the molar composition of the mixture. Although the constant value of 1.4 is used in this
paper for the fluid dependent parameter of the experimental mixtures, the Kandlikar’s correlation
with the Fujita and Tsutsui’s mixture correction factor gives the best estimation result. It means
that this correlation can be improved if proper fluid dependent parameters are identified for each
molar composition of the experimental mixture.
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CONCLUSION

This paper describes an experimental apparatus for measuring the flow boiling HTC of the MRs
which consist of R218 and R14. The equivalent length concept of the heated area is used to interpret
the experimental data because the heat transfer area is very sensitive parameter to obtain experi-
mental flow boiling HTC. The experimental apparatus is calibrated by single phase nitrogen gas.

The experimental flow boiling HTC of the R218 and R14 mixtures are measured from 500 W/m?K
to 5000 W/m?K. The mean uncertainty of the experimental results is 19.1%. Three correlations are
considered to find the one with the best accuracy. For the comparison results, Kandlikar’s correla-
tion with Fujita and Tsutsui’s mixture correction factor has the smallest mean deviation of 28.2%.
It could be improved to become a more precise correlation when the fluid dependent parameter is
appropriately defined for each molar composition of the experimental MR.
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